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Oxidation state and lattice expansion of CeQ_, nanoparticles as a function of particle size
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Cerium oxide nanoparticles CeQ, (~3—20 nm in diameteémade by a vapor phase condensation method,
have been studied by several methods of transmission electron microSEBM): electron energy loss
spectroscopyEELS), high resolution imaging, and electron diffraction. The white-line rakibg/M, of the
EELS spectra were used to determine the relative amounts of cerium idfisa@d Cé&" as a function of
particle size. The fraction of Gé& ions in the particles rapidly increased with decreasing particle size below
~15 nm in diameter. The particles were completely reduced to,GeDthe diameter ok<~3 nm. This
reduced cerium oxide has a fluorite structure which is the same as that of bujk 880, EELS spectra taken
from the edge and center of the particle indicated that for larger particles the valence reduction of cerium ions
occurs mainly at the surface, forming a GeQayer and leaving the core as essentially €e@® microme-
chanical model based on linear elasticity was used to explain the lattice expansion of the @a@opar-
ticles. Comparing our results with previously published works indicates that the amount ¢f ®eCeO,_,
nanopatrticles is a strong function of the particular synthesis methods used to make these particles.
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[. INTRODUCTION served lattice expansion to the decrease of the electrostatic
force caused by the valence reduction of Ce ions in the
Ceria has been widely studied since it is easily reduced ogeria’®

oxidized and this property is very important for its applica- Recently, the lattice expansion as a function of particle
tions, such as catalysts in vehicle emissions-control systemsize has also been measured by x-ray diffraction measure-
and electrolyte materials in solid oxide fuel céllBor appli- ments for monodispersed particles which were prepared by a
cations as a catalyst, fine particles of ceria are fabricated teoom-temperature precipitation methtfdinterestingly, as
increase surface area in order to enhance the catalytic effiliscussed in detail below, Zhareg al** found much smaller
ciency. In order to understand the properties of fine cerigxpansions of the lattice than those found in the study by
particles, a large number of studies have been carried odfisunekawaet al®> For example, Zhangt al. reported a lat-
on catalytic>* electronic® lattice vibrationaf’ and tice expansion 0f~0.3% for ~7 nm ceria particles while
structurai 2 properties as well as on various synthesisTsunekawat al” reported~0.8% for similar-sized particles.
method$?*#for ultrafine ceria particles. However, in spite Thus, further investigation of the electronic and structural
of the practical importance of and the scientific interests inproperties of nanocrystalline CeQ, as a function of the
these nanosized particles, no systematic study of propertiggrticle size is of interest.
as a function of size had been made until a series of articles In this article, we report the results of an investigation of
by Tsunekaweet al. were published:®%*3Using so-called the valence of Ce ions in CgO, nanoparticles as a function
monodisperse nanoparticles of ceria, which were made by af their size using electron microscopy techniques: electron
hydrothermal process, with different dimensions, they ob- energy loss spectroscogELS), high resolution imaging,
served that the lattice parameters, as determined by electr@md electron diffraction. The particles were prepared by va-
diffraction, of the nanoparticles increased with decreasingor phase condensation of Cel an inert gas atmosphere.
particle sizé® Based on the analysis of the particle size de-The advantage of using EELS in a high resolution transmis-
pendence of the lattice parameter, they suggested that théon electron microscope is that a single nanoparticle can be
expansion was due to the loss of oxygen from the surfacexamined, and the size and crystal structure of that indi-
region of CeQ particles. Also, they claimed that the particle vidual particle may be determined simultaneously. Other
of CeQ,_, would be fully reduced to CeQ when the size of techniques with larger probe sizes, such as XPS, require a
the particles became 1.5 nm and its structure would be thirge assembly of particles with unavoidable variations in
C-type cubic sesquioxide @@;. This structure of Cg;  size, even when the new synthesis techniques have narrowed
has not been observed in bulk ceria although it is a commothe size distributiotf*3of the so-called monodisperse nano-
structure in some other lanthanide oxides. The structure gparticles. In addition, with the improved spatial resolution of
bulk Ce,0; is an A-type hexagonal sesquioxid®Further- EELS, it is possible to examine directly the local variations,
more, using an x-ray photoelectron spectroscopy techniqusuch as bulk vs surface regions, in the*CCe*” ratios
(XPS) they confirmed the existence of €eions in the small  within a given particle.
particles and the increased ratio of*C£Ce&* ™ with decreas-
ing si;ei.3 In ad(_jition, the_y clgimed in this article t_hat these Il. EXPERIMENTAL PROCEDURE
Ce" ions are in fact primarily in the surface region of the
particles in agreement with their earlier suggestion. More The cerium oxide nanoparticles were synthesized using
recently, in their theoretical study, they attributed the ob-the technique of thermal evaporation of Gei@ a helium
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atmosphere. A vacuum chamber was initially pumped to a
base pressure of about 10Torr using a turbomolecular
pump. Helium was next admitted into the chamber until the
desired pressure;-1—-100 Torr, was attained. The pressure
was measured with a diaphragm capacitance manometer
gauge. Bulk cerium oxide pieces were next thermally evapo-
rated from a tungsten crucible. The time-temperature profile
of the crucible was controlled using a programmable power
supply. The crucible temperature during evaporation was
about 2000 °C as measured with an optical pyrometer. Cop-
per TEM specimen grids, which were coated with lacy car-

Intensi

QO T

bon, were placed in the vacuum chamber at strategic loca- Cet+

tions near the tungsten crucible. The ceria nanoparticles were

collected on the lacy carbon coated side of the grids during Ce3*

the course of evaporation. After the evaporation was com-

pleted the grids were removed from the vacuum chamber for

TEM analysis. It was found that the particle size increases PR I TR IS B

with increasing helium pressure. A series of ceria nanopar- 860 880 900 920 940
ticles with particle size from-3 to ~20 nm in diameter were Energy-Loss (eV)

obtained.
The TEM experiments were carried out in a 300 KV  FIG. 1. EELS spectra of micron-size “standart) CeG, and
JEOL-3000FEG transmission electron microscope equippe®) C&(WO,); particles.(c) Second derivative ofa) and(d) sec-
with a Gatan imaging filtefGIF), an annular dark-field de- ©nd derivative of(b).
tector, and an image-plate recording system. The microscope
can be operated in either TEM or scanning transmission elednine the white line ratio for our spectra, since it is insensi-
tron microscopdSTEM) mode. In general, the TEM mode tive to thickness variation®. The Msz/M, ratio is then de-
was used to obtain high resolution images and diffractioriermined by measuring the intensity of thly, andM, peaks
patterns for lattice parameter measurements, while STENN the second derivative of the spectra. Because of noise in
mode was employed to obtain EELS spectra for individuatthe spectra, the raw data of the spectra must be smoothed to
particles. The probe size in STEM was approximately 0.1&liminate the channel-to-channel fluctuations. Here, we cal-
nm, the convergent angle was 11 mrad, and the collectiogulate the second derivative spectra from the acquired spec-
angle was 24 mrad. Because electron beam irradiation fdfa based on the Savitzky-Golay mettfGdy which, for each
extended periods risks damatfayith a resulting change of point f;, we least-squares fit a polynomiahf’ orde to all
the valence of Ce ions from ¢e to Ce" due to the loss of N +ng+1 points in the moving windowr(_ , ng are the
oxygen, we used a short EELS acquisition time of 2 snumber of points to the left and right, respectivelgnd then
Changes in the spectra due to the exposure started to becos@t the second derivativg; to be the value of the second
noticeable when the acquisition time was extended to 30 s diterivative of that polynomial at positian The advantage of
more. In order to limit exposure of an individual particle, using the Savitzky-Golay method over the moving window
only one spectrum per particle was taken except when thgveraging methode.g., used in th&L/P program is that it
EELS data were taken across the diameter of the particles frovides smoothing without loss of resolution. Figures) 1
investigate local variations in the valence of the ions. and Xd) show the second derivative spectra of the spectrum
Electron energy loss spectra and x-ray absorption spectr@ and (b), respectively, withn, =ng=32 andm=5 (here-
(XAS) or XPS in theM-edge region of rare-earth elements after, we will use the same,_, ng andm for the all second
carry information on the initial statef4occupancy. The spec- derivative spectia The Mg/M, ratio was then determined
tra are characterized by sharp white lines ofl;33 by measuring the maximum amplitude at th and M,
—4f5, (M,) and 3g,—4f,, (M) associated with the peak in the second derivative. T /M 4 ratios were 0.91
spin-orbit splitting. The relative intensities of the white lines for Ce** and 1.31 for C&" from these “standard” large
were associated with thef 4hell occupancy of the rare-earth particles. These ratios were determined from averaging a
elements’~*° For cerium compounds, the white lines ratio number of measurements-10) from each of the standard
in both EELS and XAS have been used to determine theéamples and the standard deviations in the ratios were 0.03
valence of cerium ion&-22 for both samples. Also, these values of the ratios were close
Figures 1a) and 1b) show theM, andM5 edges of the to values reported by Fortnest al?° Hence we used this
EELS spectra of micron-size CeCand Ce(WO,); par-  procedure for determining the fraction of €eand Cé*
ticles, respectively. The valences of Ce ions in micron-sizdons in the particles.
CeQ, and Cg(WQ,); are nominally 4 and 3", respec-

tively. The intensity of theM , edge is higher than that & 5 IIl. EXPERIMENTAL RESULTS
edge in C&", and reversed in Gé. A number of methods '
have been developed to measure khe/M 4 ratio182324|n Figures 2a)—2(c) show examples of the high resolution

this work, we chose the second derivative method to deteiimages of Ce@_, nanoparticles with different particle sizes
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FIG. 2. (a)—(c) Examples of high resolution
images of particles with different average size.
The inset in(b) is the fast Fourier transform from
the marked aread) Electron diffraction pattern
from (a).

which were prepared in different helium atmospheres. Alscet al? are also shown in Fig. 3 for comparison. It is clear
shown in Fig. 2d) is a selected-area electron diffraction pat- that the lattice parameter of CeQ, nanopatrticles increases
tern from the particles shown in Fig(é. The particles were with decreasing particle size. The present particles show a
an agglomeration of single grains. The exact outlines of théarger lattice expansion than that reported by Tsunekawa
particles varied, but were mostly circular or ellipsoidal, al-et al®®and Zhanget alX? This is probably due to the non-
though there was some tendency toward forming squares
with rounded corners for larger particles. Only on very rare

0.565
occasions, did we observe particles with octahedral shape I Moasured

and surrounded b§111) planes, as reported by Zhaegal:** . 0 O Caniated
Although the(111) planes were clearly imaged in many of . 0560 © ——- Caloulated

the particles shown in Fig. 2, these planes were not the ter- g N —¥— Tsunekawa, etal.
minating planes for the surfaces of these particles. As dis- § oss5F W ‘o ~A— Zhang, stal.

cussed below, this difference between the surface planes of
the particles observed here and by Zhangl!? is likely to

be due to the difference in the preparation methods of the
particles. These differences may result in different properties |

iIce parame
=]
]
3]
o
T

for these Ce@_, nanoparticles. E 0.545 |
The lattice parameter can be measured from the rings of a
selected-area electron diffraction pattern from many par- ostok

ticles. The lattice parameter measured by the rings is there-
fore the averaged value of many particles which in general
have a range of particle sizes. To measure an individual par-
ticle, we use high resolution images. From a carefully cali-

brated high resolution image, we select the individual par- fg. 3, Lattice parameter of CeO, particles as a function of
ticle with its zone axis parallel to the beam direction and USghe particle size. The empty circles were measured from the high
a Fourier transform to get the diffractogram from that areaesolution images. The lattice parameters reported by Tsuenekawa
as shown in the inset of Fig(ld. The average lattice param- et al. (Ref. 8 and Zhanget al. (Ref. 12 are also shown for com-
eter of that individual particle is then measured from theparison. Lattice parameters were calculated based on the microme-
spots in that diffractogram. Figure 3 shows the lattice paramehanical model described in the Appendix, and the solid and dashed
eters as a function of particle size measured with high resdines are the calculations using the fittdal curve in Fig. 8 and
lution images. The data from Tsunekaetal®'3and Zhang Ad=0.561 nm, respectively.

Diameter (nm)
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FIG. 6. M5/M, ratios across the diameters of six GeQ par-
ticles with diameters of approximately 13 nm. The distance between
each point approximately 2 nm. Each point represents an average
1 1 } ] X over the six particles, and the error bars show the statistical devia-
860 880 900 920 tions for the six particles.

Energy-Loss (eV)

FIG. 4. EELS spectra from CeO, nanoparticles witha d ~ Wwith 3" and 4" in the surface region and the interior of a
=11 nm, (b) d=6 nm, and(c) d=3.5 nm. The relative intensities particle. If, as shown in Fig. (&) (a sphere is shown for
of Mg andM, in the spectra depend on the particle size. illustration purposes the beam is focused at the center of a
particle, the acquired EELS spectrum is primarily character-
istic of the interior of the particle. However, if the beam is
equilibrium particle formation process used in this study, agocused near the edge of the same partialso Fig. %a)],
will be discussed in detail later. the spectrum represents the surface region. Figut® 5
EELS spectra from three particles with different sizes shows an example of the spectrum variation as the electron
=11, 6, and 3.5 nm, are shown in Figga4-4(c) qualita- beam was moved from the ed@ess than 0.5 nm from the
tively illustrating a systematic change in the EELS spectraedge, to the center of a particle of15 nm in size. The
with the particle size. Detailed analysis of the spectra indisspectrum from the center is close to that of Cewhile that
cates that the spectruffrig. 4@)] from a particle withd  from the edge is close to €& as indicated by thé/5/M,
=11 nm is close to that of ¢&, while that[Fig. 4c)] fora  ratios being 0.94 and 1.24 for the center and the edge, re-
3.5 nm particle is close to that of €& With the 0.13 nm  spectively. These correspond to the’Cdraction of 7.5 and
probe size in our TEM, we explored the possible local varia-83 %, respectively. A number of similar measurements were
tions in the C&"/Ce** ratio in a given particle by selec- made from relatively large particles as well as around the
tively acquiring EELS spectrum from an edg@eence, the perimeter of the particles, and essentially the same results as
surface and the central region for a given particle. This pro- above were observed. This suggests that the valence reduc-
vides us an estimate of the volume fractions of cerium ionsion of cerium ions in a relatively large CeQ, nanopar-

14
a M,
MS
center 13
edge
b 1.2
(center) ]

h J
pd = 14
(edge) =
10

860 880 900 920 940
Energy-Loss (eV)
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FIG. 5. (a) Experimental setup to measure the difference in the
Ms/M, ratios between the surface and interior of a particle. The Diameter (nm)
signal will mostly come from the surface when the beam is focused
at the edge, while it will mainly come from the interior when the  FIG. 7. Dependence of the 5 /M, ratios on the particle size of
beam is focused at the center. EELS spectra obtained from th€eG,_, nanoparticles. A fitted curve based on an exponential func-
center(b) and edgdc) of a particle withd=15 nm. tion is represented by the solid line.
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ticles is primarily in the surface regions and not uniform 12
throughout a particle. [

In order to determine the extent of the reduced £g0 § 1or
surface layer, we have measured g /M, ratios across £ I
the diameter of six CeQ , particles with approximate diam- @ & 08 —
eters of 13 nm. In order to avoid radiation damage, we have g'£ 06l
measured the ratios at four points from the center to the edge, 8§ |
and thus the distance between each point is approximately 25 & 4|
nm and the results of the measurements are shown in Fig. 6. § $
Considering the uncertainty in the precise position of the &= 45}
probe on each particle due to the specimen drift during the ]
measurements, as well as the variations in the ratios from i= 00F
one particle to another of the same size, as shown below

(Fig. 7), this result clearly confirms the above supposition
about the reduction of Ce ions taking place primarily at or
near the surface region, not uniformly across the particles.
Also, the rapid drop in théVis/M, ratio between the edge  FG. 8. The CeQj layer thickness as a function of particle size
and the next interior point shows that the thickness of theajculated from thas /M, ratio in Fig. 7 assuming all of Gé are
reduced regions in relatively large particles is less théh  in the surface layer of each particle. The solid line was calculated
nm, but this could be a substantial overestimate of the thickfrom the fitted curve of Fig. 7.

ness since it is limited by the large separation between points

due to the experimental constraints mentioned above. This is

also consistent 'With a theoretical prediction that.the interior IV. DISCUSSION

oxygen vacancies are unstable and tend to migrate to the

surface in Ce@_,.2" However, we cannot rule out the pres-  There are several aspects of the above observations on the
ence of small amounts of oxygen vacancies in the interior ohanocrystalline CeQ , particles which require some discus-
the particles which were produced by the vapor condensatiosion. We first estimate the thickness and the volume fraction
method, a nonequilibrium process. of CeQ s layer from the experimentally determinétls /M ,

In Fig. 7, quantitative measurements bfs/M, ratio  ratios and compare them with those of previous studies. Then
from the second derivative spectra are summarized and plotising a micromechanical model, we theoretically calculate
ted against particle size. The solid line in the figure isthe expected lattice parameté¢aseraged over the entire par-
the fitted curve using an exponential functidis/M, ticle) of CeO,_, particles with a nonuniform distribution of
=Aexp(—Bd)+0.91, whered is the diameter of the particle, oxygen vacanciegas suggested by Fig.) Gvhich we ap-

A and B are constantsA=0.71 andB=0.2. Based on the proximate by a shell of Ce@ covering the Ce@core as a
nearly linear relationship between thés/M 4 ratio and the  function of particle size. While it is clear that such a core/
occupancy of the # level for the light lanthanides, the for- shell spatial distribution of vacancies €eand C&" ions is

mal valence of cerium ions may be estimated using a lineaa crude approximation to the actual distribution, it is a rea-
interpolation between thil s /M, value for C&™ (0.91) and  sonable first approximation to the segregation to the surface
Ce" (1.31)."® When the particle size is less thar8 nm, the  shown in Fig. 6. Such an approximation greatly simplifies
Ms/M, ratio is close to 1.31, so the valence of cerium ionsthe elasticity analysis, described in the Appendix, and the
is 3" throughout the particle. For the particle larger thanexperimental information is too limited to constrain the pa-
~15 nm, theMg/M, ratio is close to 0.91, thus the cerium rameters of a more elaborate model. The calculated and mea-
ions’ valence is 4 in large particles. These data were all sured values of the lattice parameters, as well as those from
obtained by focusing the electron beam at the center of thprevious works will then be compared. Finally, we discuss
particle and thus, eachl;/M, value is the average value the possibility of the existence of the C-type sesquioxide
over the particle. structure for the smallest particles, which had been com-

The scatter in the data is in part due to the irregular shappletely reduced to CeQ@.
of the particles. But it likely also reflects a real variation in ~ Assuming that each particle consists of a thin surface
ce’t/Ceé*t among particles made by this nonequilibrium layer of CeQ s and a core of CeQ) one can calculate the
process. During the evaporation and the particle formatiorthicknessAd and the volume fractiot, of CeQ, 5 layer for
process, some particles may lose more oxygen than otheesch particle from thé5/M, ratio data. We first calculate
even among the particles similar in size since the terminating\d from a relationshippd=0.5d[ 1— (1—f;,)¥3]. Here,d is
surface planes are different. It is well known that the ease inhe diameter of a sphere or the side of a cube, and we assume
the reduction of Ce@at the surface depends strongly on thethat the convergent incident beafoonvergent angle~11
types of the terminating planes since the stability of themrad was focused at the center of particle and that all of the
CeO, surfaces depends on the structure of the surfac€e’* ions existed in the form of CeQ at the surfaces, is
planes?’ However, in spite of variations in thds /M, ratio,  the fraction of C&" in the volume which the electron beam
the trend of the rapid increase in tNg; /M, ratio as particle passed through,=(Mg/M,—0.91)/(1.31-0.91). Then, we
size decrease is apparent. can calculate the volume fraction bl =CeQ 5/(CeO g

2 4 6 8 10 12 14 16 18 20 22
Diameter (nm)
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5 particles appear to be due to the large differences in process-
10 ¢ i ing conditions. Particularly, those particles made by Zhang
o © O from Fig.7 12 . .
—  Fitted curve et al.~ were octahedral in shape wittill) planes as the
— — - Ad=0.561nm terminating surfaces. It is well known that t¥l1) surface
—v— Tsunekawa, et al. is the most stable plane against the formation of surface oxy-
gen vacancie$?® Hence, it is more difficult to form a
CeQ 5 layer on this type of the particles than those having
different terminating planes. Also, it is interesting to note
that even though the processes used by Zhetra!? and
Tsunekawaet al® to make these powders were different,
both were low temperature chemical precipitation methods.
However, the rate of the lattice expansion with decreasing
particle size was very different. Thus, it appears that the
degree of the reduction of Cg@ccompanying the decrease
P T S S S T S S RN TN in size of the particles depends strongly on the exact method
2 4 6 8 10 12 14 16 18 20 22 which was used to synthesize these particles. Unfortunately,
Diameter (nm) Tsunekaweet a}I.8 repprted neither the shape nor the surfape
FIG. 9. The calculated Ce@/(CeOy+ CeO, o volume fraction planes for their particles. Thus we are unable to_determlne
as a function of particle size of CgQ, nanoparticles assuming all Whether_ the shape and the surface crystallographlc planes of
of the Cé" is in the thin surface layer of each particle. The solid f[he part_lcles were actually the sources of tgnese differences. It
line was calculated from the fitted curve of Fig. 7. The dashed lindS @ISO interesting to note that Tschogeal” reported that

was calculated assuming the thickness of Cefayer was a con- Nonstoichiometric Ce© powder, which was made by the
stant, equal to 0.561 nm. The data from Tsunakawal. (Ref. 8 evaporation of Ce metal and subsequent oxidation, exhibited

are also shown for comparison. greater catalytic activity than similarly sized powder which
was made by a chemical precipitation. This difference in the
+Ce0y)=[d3®—(d—2Ad)3]/d3=f, for a sphere. The same catalytic properties of these powders may possibly be due to
functional dependence éf, ond is also obtained for a cube. the similar differences discussed above in shape and termi-
Using these expressions, the thickness of the Gef0rface  nating planes of the particles which were made by two dif-
layer Ad and the volume fractio, of Ce** were calculated ferent methods.
from theM /M, ratios shown in Fig. 7, and they are plotted We used a micromechanical model, as described in the
as a function of the particle size in Figs. 8 and 9, respecAppendix, to calculate the expected lattice parameter as a
tively. The calculated\d and f, based on the fitted line in function of particle diameter for CeQ, particles which are
Fig. 7 are also shown as the solid lines in Figs. 8 and 9. Asssumed to consist of a layer of Ce{®dn a core of Ce®.
shown in Fig. 8, the thickness of the assumed Cg@yeris  We compared the results with our measurements as well as
not constant with the particle size, but rapidly increases witithose reported in earlier studig®’ The calculation of the
decreasing size of the particles. This suggests that the iraverage parameter of a particle was performed by calculating
creased volume fraction of Ce@is not due to the decreased the elastic strain state resulting from coherently matching the
size of the particles with a constant CgQayer, but due to interface of the Ce@; shell and the Ce©core. The lattice
the increasingly larger losses of oxygen in smaller particlesparameters for fluorite structure Ce@nd average fluorite
As shown in Fig. 9, the volume fraction of Ce@also in-  structure Ce@®s were taken to be 0.541 and 0.561 nm, re-
creases very rapidly for decreasing particle size, and the paspectively. The lattice parameter for CgOwas approxi-
ticles are practically fully reduced to Ce©for the particles mated to be one half of that of the C-type sesquioxidgGze
below ~3 nm. For comparison purposes, the calculated volproposed by Tsunekawet al® The details of the calculation
ume fractions for the particles with a constant Ge@ayer are given in the Appendix. The results of calculations are
thickness of 0.561 nm are included as a dashed line in Fig. &hown in Fig. 3 and compared with our experimental data
Again it clearly illustrates that the increased volume fractionfrom high resolution images and those reported by
is not due to the shrinkage of the particles having a constarfsunekawaet al® and Zhanget al'? The calculation(solid
thickness of Ce@son surface for these particles which were line) based on the fittedvd curve in Fig. 8 is in a good
processed by a vapor phase condensation. This result is alsgreement with our measuremefgsnpty circlg, while that
very surprising in comparison with the volume fractions (dashed lingbased on a CeQ@ layer with constant thickness
which were reported by Tsunekawaal® and Zhanget al’>  (Ad=0.561 nm) is relatively close to the data reported by
The former observed that the volume fractions of Ge®  Tsunekawaet al® On the other hand, the increases in the
CeO,_, particles were 0.84, 0.58, and 0.44 for the particlelattice parameters with decreasing particle size for those re-
size of 2.2, 3.0, and 3.8 nm, respectivétiieir data are in- ported by Zhanget al. were significantly smaller than ours
cluded in Fig. 9, alsp while the latter reported that the frac- and that of Tsunekawet al. This implies that the surfaces of
tion of C&* was 0.094 for the particles with an average their particles were barely reduced to GeGnd the small
diameter of 6.1 nm assuming that the oxygen vacancies weiiacrease in their lattice parameters with decreasing particle
distributed uniformly throughout their particlédhese large  size could be due primarily to vacancies in bulk of the par-
differences in the amount of €& ions in small Ce@_, ticles as they suggested from their measurements of line
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broadening of Raman lines with decreasing Size. may start to form more crystallographically stable GesDr-

As mentioned above, Tsunekawhal. also suggested that faces in some portions of the surface, while others may still
their particles would be fully reduced to Cgbat the par-  be surrounded by the surfaces which are easily reduced. This
ticle size of~1.5 nm and that its crystal structure would be will result in large particle-to-particle differences in the mea-
that of a C-type sesquioxide @8;.% Since CgOj; with this  sured C&*/Ce&**. The other is related to the fact that the
structure has not been produced in bulk, it is of interest taelectron beams only penetrate through selected sutthee
search for this phase in our particles. This sesquioxide is g@p and the bottomas mentioned earlier. If one or both of
cubic and composed of eight unit cells of GeWith ordered  these consists of the stable surfaces, the measvrgdv,
oxygen vacancies, and its lattice parameter is twice that ofatios reflect less Cé ions, while if these surfaces happen
CeG,. If this structure exists, there will be extra diffraction to be less stable, the results show moré Tiens in a given
rings in Fig. 2d) and we should be able to see these superparticle.
lattice lines if their intensities are sufficient. In order to check
this possibility, we first calculated the electronic structure
factors for this structure and found that tli®21) planes
would have a significant intensity, though it would still be  In summary, theM, sedge EELS spectra and lattice pa-
weak compared with that fq222) planes which are equiva- rameter have been used to evaluate the valence of cerium
lent to (111 planes of the Ce©structure. The ratio of the ions in cerium oxide nanoparticles. The measurement of the
calculated intensities for the lines corresponding to thesegatio of M5/M, peak areas clearly shows the valence reduc-
planes was 0.0067. Since our particles of 3—4 nm are essetion of cerium ions with decreasing particle size, which is
tially CeO, 5 as discussed above and the intensity of the dif-mainly due to the change of cerium ions from*Cedo Cé&*
fraction rings, which are recorded on an image plate, has at the surface. The measurbt; /M, ratios as a function of
very large dynamic range, we would expect to be able to sethe nanoparticle size of CgO,, which were made by a
the 121 line. However, we could not detect this line evenvapor phase condensation method, were used to determine
when the diffraction ring patterns were overexposed. Thusthe fraction of CeQs in these particles. Here we assumed
we concluded that the structure of these small fully reducedhat Cé™* ions and C&" ions existed separately as Cen
CeOQ, s particles is essentially that of Cg@uorite structure, the surface and CeQas a core in large particles, based on
with two disordered oxygen vacancies per cubic unit cell. Inthe EELS measurements at the edge and the center of the
addition, one can estimate the lattice parameter of fully reparticles. It was found that the amount of GeQrapidly
duced Ce@_, (x=0.5) from Fig. 2 of Ref. 6 by taking the increased below a particle size 6fL5 nm, and the particles
ionic radius of C&" to be 0.1143 nm(Figure 2 of Ref. 6 were fully reduced>90%) to CeQ 5 at a size of~3 nm or
exhibits the rate of lattice expansion of CeQ caused by smaller. These increases in the fraction of Ge@ok place
the substitution of C¥ by rare earth ions with different at a much greater size than those reported previously. Since
ionic radii) Then one obtains a lattice parameter-e8.556  the stability of the surfaces of CeQparticles against the
nm for CeQ s, and this is very close to that measured forreduction depends strongly on the types of the surface
very small particley<~3 nm) of CeQ,_, in Fig. 3. This  planes, this difference is thought to be due to the differences
fact also supports the above observation of no superlatticg the synthesis methods of the particles which results in
line in the electron diffraction patterns even for the fully differences in the shape and the types of the crystallographic
reduced Ce@ , particles. planes terminating surfaces.

At this point, we speculate on the formation process. We
assume that CeQOmolecules are primarily evaporated and
these collide with themselves as well as with He atoms in He
atmosphere to form CefQ, particles. Since we found that  This work was performed under auspices of the Division
higher He pressures made larger particles, the larger numbef Materials Sciences, Office of Science, U.S. Department of
of collisions produces larger particles. When the particles ar&nergy under Contract No. DE-AC-02-98CH10886. It was
still small (a few nm in diametérthe surface-to-volume frac- also partially supported by the Laboratory Directed Research
tions are large, and in this highly nonequilibrium process theand Development Program of Brookhaven National Labora-
surfaces of these particles will not likely be the most stableory.
crystallographic planes, such @41). Thus, the oxygen from

CeQ, is easily lost into an inert gas environment. When the 55e-npix: ELASTIC STRAIN STATE IN CORE-SHELL

V. SUMMARY
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particles grow in size, the oxygen vacancies in bulk or core STRUCTURED CeO,._, NANOPARTICLES
of the particles are known to be unstable and tend to migrate o
to the surfacé’ Also, during the growth of large particles, In earlier investigations Tsunakawet al® and Zhang

there are likely to be more opportunities to develop stableet al12 measured the average lattice paramateof CeO,_,
surface planes, thus limiting the reduction of Ge@only a  nanoparticles as a function of particle size. Tsunakaial.
very thin layer on the surface. In the middle of the range ofestimated the oxygen content of their particles using a Veg-
the particle size which we studied, there were very largeard’s rule linear relation between lattice parameters and de-
variations in bothM5/M, ratios and lattice parameter and viation from ideal stoichiometry. This analysis implies a uni-
thus, CeQj5 fractions. There are likely two reasons for this. form distribution of regions of Ce( dissolved in Ce®.

One is the fact that, in this size range, some of the particleslowever, our results indicate nonuniform distributions of
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ce™ and Cé' (with accompanying oxygen vacancies lattice parameter due to the surface stresses of the free sur-
which can be approximated as a core-shell structure with &ce, which can be shown to be negligible compared to varia-
thin CeQ 5 shell and a Ce®core. While this discrete sepa- tions caused by the oxygen nonstoichiometie imagine
ration into two regiongcore and shellis clearly an approxi- removing a hollow spherical shell of thicknebsfrom the
mation to the actual spatial distribution, which probably is asurface of the particle and changing its composition to
continuous variation of stoichiometry, the rapid change inCeQ, 5 by removing oxygen atoms uniformly from the shell,
stoichiometry near the particle edge shown in Fig. 6 suggestwith an accompanying expansion of the lattice of
that a core-shell structure is a reasonable first approximatioAag/ag) max- We then apply surface tractions to the spheri-
to the actual distributions, and it greatly simplifies the analy-cal core of Ce@ and hollow spherical shell of Cg@so that
sis. In this Appendix we use a micromechanical model basetheir respective outer and inner surfaces match, rejoin them
on linear elasticity to estimate the effect of such a structurat the interface, remove the surface tractions and allow elas-
on the average lattice constant as a function of the size of thiic deformation to occur until the internal stresses are bal-
nanoparticles, which for simplicity we assume to be spherianced. This is readily done using the elastic solutions for
cal. spheres and spherical shells with radial displacement filds.
We take a uniform spherical particle of Ce0f radiusR  The result is that the core of Cg®f radiusR;=R—h is in
with lattice parametea, as our reference state and use hy-a state of uniform expansion and the shell of thickness
pothetical cutting-transformation-rejoining operations, aftercompressed relative to its stress-free state. The volumetric
the manner of Eshelt®,to estimate the elastic strains result- strain of each of the two regions, referred to the lattice pa-
ing from surface layer deoxygenatigie ignore changes of rametera, of CeG, is

Aag) _[(Aag { (RP-RY) ] (A1)
dg core =) max (Ra_ Rg) + (Kcore/Kshell)[Rg"— RS(SKsheI/‘]'ﬂshell)]
and
A A R
Aag) _(Aa {1_ : } A2)
80 /ghenr \ 30/ max (Kshetl Koord (R*—R3) + RS+ R3(3K sheif 4t sen) |
|
whereK_ and p are the bulk modulus and shear modulus, (Aay(R)) 3.7f
respectively. (Aag)max  4.4—0.7F" A4

The volume average of the shift of the lattice parameter of
the monoparticle from that in bulk stoichiometric Ce@®  wheref is the fraction of Ce ions in the particle which are in
then given by the shell (3 state

Aa,\ R?
as /| RS
To proceed further requires inserting values of the elastic
constants and an explicit relation between the core Bize
(or equivalently, the shell thickne$s as a function of par- [
ticle sizeR=R;+h. 020
Experimental data for the elastic constants of €O i
yield a value for the ratio 3 K/4 of 1.6, and we assume that !
this ratio remains the same for the CeG3hell. We used an 010
ionic model of bonding to develop semiempirical scaling re-
lations based on ionic charge states and interatomic spacings
which describes the cohesive propertikedtice energy, elas- FIG. 10. The root-mean-square variations of the lattice param-

tic moduli, surface energigsf a number of fluorite structure  eterse=Aa,/a, calculated using the micromechanical model de-
halides and oxides with a precision of better that T8%his  scribed in the Appendix. The dashed line was obtained assuming a
scaling relation applied to Ce@nd CeQsyields a value of  unit cell monolayer of CeQ; on the surface, while the solid line
the ratioK ;oe/ Kgnen Of 1.68. With these values of the param- was obtained with a Ce@ layer thickness variation with particle
eters, Eqs(A1)—(A3) yield size as shown in Fig. 8.

0.45

Aag
(A3) 040

Qo

(R*-RY)
TR

o

core shell

erm slemax
=]
w
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R®—(R—h)3 ness, we include here an expression for the mean square
=R (A5)  strain predicted by the micromechanical model

2
€rms
- ~) =f(1-1)

ma:

2\ _ 2
These relations are used to calculate the lattice parameter aée)—(e) —
a function of radius for two different assumptions regarding sﬁqax
the variation of shell thickneds with R: (1) the shell thick-

ness is a constant value of one unit cell thickness, indepen- x[ (3Ksheif44shel) ]
dent of R and (2) h varies withR as determined from the 1+ f[(Kshen/ Keored = 1]+ 3Ksheil4ttshell)
EELS data, shown in the fitted curve of Fig. 8. (A6)

The volume-averaged lattice parameter as a function of o
particle size computed with EqéA4) and(A5), based on the wheresEAaolao_and the angular brackets indicate a vol- .
two assumptions aboti(R), is shown in Fig. 3. The data of UMe average. With the elastic parameters used above, this
Tsunakawaet al® and of Zhanget al'? are clearly seen to Pecomes
behave more as if there is a shell of constant thickness than e \2 16
as if h varies with size as shown by our data in Fig. 8. 'mi) =f(1—f ){—] (A7)

In principle, measurements of x-ray diffraction line Ema 2.6-0.4f
widths, corrected for particle size broadening, could be usedhis is illustrated in Fig. 10 for the two assumptions above
to measure the inhomogeneity of the strain state produced byggarding the variation of shell thickness with particle size
the core/shell structure of the nanoparticles. For completeh(R).
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